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Abstract — Two  different  principles  of  thermoelectric  cogeneration  solar  collectors  have  been  realized  and 
investigated.  Concerning  the  first  principle,  the  thermoelectric  collector  (TEC)  delivers  electricity  indirectly  by 
first  producing  heat  and  subsequently  generating  electricity  by  means  of  a  thermoelectric  generator. 
Concerning  the  second  principle,  the  photovoltaic-hybrid  collector  (PVHC)  uses  photovoltaic  cells,  which  are 
cooled  by  a  liquid  heat-transfer  medium.  The  characteristics  of  both  collector  types  are  described.  Simulation 
modules  have  been  developed  and  implemented  in  TRNSYS  14.1  (1994),  in  order  to  simulate  their  behaviour 
in  typical  domestic  hot-water  systems.  The  discussion  of  the  results  shows  that  the  electric  output  of  the 
PV-hybrid  collector  is  significantly  higher  than  that  of  the  thermoelectric  collector.  ©  2000  Elsevier  Science 
Ltd.  All  rights  reserved. 


1.  INTRODUCTION 

The  aim  of  thermoelectric-hybrid  solar  collectors 
is  to  cogenerate  thermal  and  electric  energy 
within  the  same  module.  In  cooperation  with  the 
company  SolarWerk,  Teltow  (Germany),  two 
different  types  of  thermoelectric-hybrid  collectors 
have  been  constructed  and  investigated  at  ISFH, 
according  to  their  corresponding  physical  princi¬ 
ples. 

The  first  type  is  called  a  thermoelectric  collec¬ 
tor  (TEC).  The  principle  is  to  combine  a  solar 
thermal  collector  with  a  thermoelectric  generator 
(TEG),  which  delivers  the  electric  energy.  The 
TEG  is  located  between  the  absorber  and  the  fluid 
pipe  of  the  collector. 

Thermoelectric  energy  conversion  has  been 
described  in  numerous  publications.  In  most 
cases,  the  energy  source  has  a  high  temperature, 
but  applications  in  the  range  between  350  and  450  K 
are  also  discussed  (Rowe  et  al.,  1995).  In  these 
cases,  the  heat  source  is,  in  general,  very  cheap 
and  permanently  available.  A  possible  solar  appli¬ 
cation  reported  by  Rowe  uses  heat  generated  by  a 
solar  pond.  The  integration  of  a  TEG  into  a  non- 
or  low-concentrating  solar  thermal  collector  is 
theoretically  described  by  Chen  (1996).  However, 
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the  example  discussed  by  Chen  is  based  on  an 
extremely  well-insulated  flat  plate  collector, 
which,  in  practice,  may  be  difficult  to  achieve. 

The  second  collector  type  discussed  in  this 
paper  is  the  photovoltaic-hybrid  collector 
(PVHC).  The  idea  of  this  collector  is  the  combi¬ 
nation  of  photovoltaic  (PV)  cells  with  a  thermal 
collector.  The  PV  cells  are  laminated  on  the 
surface  of  the  solar  absorber,  which  is  cooled  by  a 
liquid  heat-transfer  medium. 

PVHCs  have  been  discussed  in  numerous  pub¬ 
lications  for  more  than  20  years.  One  justification 
is  to  cool  the  solar  cells  in  order  to  increase  the 
electrical  output.  In  many  cases,  this  is  done  by 
air-cooled  solar  cells,  which  are  mainly  applied  in 
integrated  PV/ thermal  systems  in  buildings.  The 
hot  air  is  normally  used  for  room-heating  pur¬ 
poses  (Cox  and  Raghuraman,  1985;  Sopian  et  al., 
1996;  Vandaele  et  al.,  1998). 

A  more  effective  cooling  is  necessary  if  the  PV 
cells  are  arranged  in  a  concentrating  device  like  a 
CPC  concentrator  or  a  fresnel  lens.  In  these  cases, 
water  instead  of  air  is  used  as  the  heat-transfer 
medium  (Kamoshida  et  al.,  1990;  Ronnelid  et  al., 
1999).  The  preparation  of  hot  water  in  the  tem¬ 
perature  range  below  80°C  has  been  evaluated  at  a 
small  thermosyphon  system  by  Garg  et  al.  (1990) 
and  at  a  48  m2  collector  system  in  a  single  family 
house  by  Hayakashi  et  al.  (1990).  A  PVHC 
absorber  construction,  which  may  be  integrated 
into  a  building’s  structure,  as  an  unglazed  or 
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glazed  element,  is  presented  by  Imre  et  al.  (1993). 
Fujisawa  and  Tani  (1997)  have  reported  the 
construction  and  evaluation  of  two  PVHCs  with  a 
single  glass  cover  that  show  a  thermal  zero  loss 
efficiency  rj0  of  more  than  0.7.  A  detailed  theoret¬ 
ical  and  experimental  study  of  water-cooled 
photovoltaic /thermal  combined  collectors  has 
been  carried  out  by  de  Vries  (1998). 

The  theoretical  description  of  PVHCs  as  water- 
cooled,  single  glazed,  flat  plate  collectors  is 
presented  by  several  authors.  Florschuetz  (1979) 
derived  the  extension  of  the  Hottel-Whillier  equa¬ 
tion  for  PVHCs,  Bergene  and  Loevvik  (1995) 
presented  a  detailed  model  for  the  collector’s  heat 
transfer.  In  order  to  assess  the  total  energy  gain  of 
a  PVHC  system,  Takashima  et  al.  (1994)  and 
Fujisawa  and  Tani  (1997)  proposed  the  use  of  the 
output  energy  for  evaluation  purposes. 

This  paper  contains  basic  work  for  both  collec¬ 
tor  types,  the  TEC  and  the  PVHC.  Collector 
prototypes  have  been  constructed  and  evaluated 
experimentally.  Furthermore,  mathematical  col¬ 
lector  models  have  been  developed  and  validated 
and,  thus,  system  simulations  could  be  carried  out. 
The  collector  constructions  and  the  main  results 
of  the  investigations  will  be  described. 

2.  THERMOELECTRIC  COLLECTOR 

2.1.  Design  principles  and  selected  construction 

The  thermoelectric  collector  (TEC)  combines  a 
solar  thermal  collector  with  a  thermoelectric 
generator  (TEG).  The  TEG,  which  delivers  the 
electric  energy,  is  located  between  the  absorber 
and  the  fluid  pipe  of  the  collector.  Peltier  ele¬ 
ments,  which  are  normally  used  for  cooling 
purposes,  may  be  specially  designed  for  electricity 
generation  and  applied  as  TEG. 

The  thermal  resistance  of  the  TEG  causes  a 
temperature  difference  that  is  proportional  to  the 
heat  flux  from  the  absorber  to  the  fluid.  Further¬ 
more,  this  temperature  difference  is  proportional 
to  the  generated  electric  power.  Thus,  for  a  high 
electric  performance,  all  solar  thermal  heat  has  to 
be  conducted  over  the  TEG.  Therefore,  a  clear 
separation  between  the  absorber  and  the  fluid  part 
of  the  collector  is  necessary,  in  order  to  concen¬ 
trate  the  solar  heat  to  one  point,  the  hot  junction 
of  the  TEG,  and  then  to  let  it  pass  over  the  TEG 
to  its  cold  junction. 

This  local  concentration  of  heat  may  be  ob¬ 
tained  by  a  gravity-assisted  heat-transfer  process, 
like  a  boiling-condensing  process  in  heat  pipes  or 
a  thermosyphon  cycle.  For  the  following  develop¬ 
ment,  a  water-filled  heat  pipe  was  used. 


To  generate  a  high  amount  of  electric  power,  a 
high  temperature  difference  at  the  TEG  is  neces¬ 
sary.  This  can  only  be  achieved  by  a  high  thermal 
resistance  of  the  TEG,  which,  consequently,  leads 
to  a  high  absorber  temperature,  if  a  significant 
amount  of  heat  is  led  over  the  TEG.  However,  the 
high  absorber  temperature  increases  the  thermal 
losses  of  the  absorber  and,  therefore,  reduces  the 
solar  heat  production  in  the  collector  part.  This 
results  in  a  reduction  of  the  thermal  and  electric 
gains.  Therefore,  it  is  necessary  to  use  high 
temperature  collectors,  which  requires  at  least 
evacuated  tubular  collectors  (ETC),  or,  even 
better,  ETC  with  concentrating  mirrors.  Fig.  1 
shows  a  principle  solution  using  an  ETC  with  a 
heat  pipe,  which  was  investigated  here. 

Using  a  dry  coupling,  the  condenser  of  the  heat 
pipe  heats  the  lower  part  of  the  heat  exchanger  to 
a  high  temperature.  This  part  of  the  heat  ex¬ 
changer  will  act  as  the  hot  junction  of  the  TEG. 
The  upper  part  of  the  heat  exchanger  is  cooled  by 
the  heat-transfer  fluid,  thus  acting  as  the  cold 
junction  (see  Fig.  1).  The  fluid  is  conducted  to  a 
consumer,  e.g.  to  a  system  with  a  hot-water 
storage  tank  or  an  auxiliary  heater.  It  may  then  be 
used  for  domestic  hot-water  preparation.  The  TEG 
is  arranged  between  the  hot  and  the  cold  junction. 
The  heat  passing  the  TEG  creates  electric  power, 
which,  at  its  maximum  power  point  (MPP),  is 
proportional  to  the  temperature  difference  be¬ 
tween  the  hot  and  cold  junctions. 

2.2.  Investigations  on  thermoelectric  generators 

A  central  objective  of  the  development  work  is 
to  investigate  the  behaviour  of  appropriate  TEGs 
with  regard  to  their  electric  and  thermal  prop¬ 
erties.  For  this  purpose,  a  heat-exchanger  test 
stand  was  built  up  and  the  behaviour  of  different 
TEGs  [area  around  9  cm",  thickness  3-5  mm, 
manufacturers  Kunze  (Deisenhofen,  Germany) 
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and  TECOM  (Groebers,  Germany)]  was  mea¬ 
sured  for  varying  boundary  conditions  (Giebel, 
1997). 

The  interactions  of  the  electric  and  thermal 
properties  depend  on  various  parameters,  taking 
into  account  the  different  physical  effects  (mainly 
Seebeck-  and  Peltier-effects).  For  example,  the 
electric  output  is  a  function  of  the  mean  TEG 
temperature,  temperature  difference  and  inner 
electric  resistance  of  the  element  and  is,  therefore, 
coupled  with  the  thermal  resistance  between  the 
hot  and  cold  junctions,  which  has  been  found  to 
be  dependent  mainly  on  the  mean  temperature  and 
the  electric  current  generated  by  the  element. 
Thus,  both  the  thermal  and  the  electrical  charac¬ 
teristics  depend  on  each  other.  A  further  compli¬ 
cation  is  caused  by  the  dependence  of  the  inner 
electric  resistance  on  the  mechanical  pressure  to 
which  the  element  is  exposed  by  the  heat-ex¬ 
changer  package.  Finally,  practical  considerations 
like  the  heat-transfer  resistance  between  the  TEG 
and  the  heat  exchanger,  and  the  bypass  heat  flow 
caused  by  the  clamping  mechanism  have  also  to 
be  taken  into  account.  For  these  reasons,  only 
simplified  dependencies  could  be  developed  here. 
The  correlations,  however,  have  been  proved  to 
be  sufficiently  precise  for  the  description  of  the 
whole  collector.  A  deviation  between  the  mea¬ 
sured  and  calculated  results  of  less  than  ±3% 
regarding  the  electric  output  was  found  during  the 
investigations  of  the  TEC  collector  prototype 
(under  the  test  conditions,  see  Section  2.3). 

For  the  behaviour  of  the  electric  output,  the 
following  simplified  formula  has  been  worked 
out: 


R  i 


(*i+*loadV 


'\pi  •  A TT] 


+  b0  •  ArTEG  •  T  +  b ,  •  ATti 


(1) 


an  input  heat  of  60  W,  with  20°C  fluid  tempera¬ 
ture  between  1.3  and  2.0  W,  i.e.  an  efficiency  of 
around  2.3  to  3.2%  was  achieved,  while  the  TEG 
was  operated  in  MPP.  The  thermal  conductivity  of 
one  TEG  is  around  0.4  W/K,  which  causes  a 
temperature  difference  between  the  hot  and  the 
cold  junctions  (ATteg)  of  around  150°C  (in  MPP- 
operation,  irradiance  level  of  approx.  900  W/nT). 

2.3.  Construction  and  assessment  of  the 
thermoelectric  collector 

A  prototype  of  a  thermoelectric  collector  was 
constructed.  Three  vacuum-tubes  with  heat  pipes 
(producer  Thermomax,  UK),  each  with  a  0.1  -m2 
absorber  area  and  with  water  as  the  heat-pipe 
medium,  were  connected  via  a  specially  designed 
heat  exchanger  to  a  fluid  circuit.  Fig.  2  shows  the 
construction  of  one  heat-exchanger  element. 

Special  care  was  necessary  in  order  to  avoid 
additional  thermal  resistances  between  the  heat 
exchanger  and  the  junctions  of  the  TEG.  Further¬ 
more,  as  only  the  heat  passing  via  the  TEG 
produces  electricity,  any  bypass  heat  flow  has  to 
be  minimized.  This  is  important  for  the  design 
and  the  selection  of  the  clamp  device  and  the 
surrounding  insulation  material.  Finally,  the  tem¬ 
perature  stability  of  the  applied  material  has  to  be 
high  enough  to  withstand  the  expected  high 
temperature,  especially  in  cases  of  stagnation. 

The  prototype  collector  was  tested  in  agreement 
with  ISO  9806-1  (1994).  To  assess  the  influence 
of  the  TEG’s  integration,  a  modified  collector 
version  without  a  TEG  was  also  investigated.  Due 
to  the  small  amount  of  electric  output,  the  thermal 
and  electric  yield  may  be  discussed  separately. 

Fig.  3  shows  the  thermal  efficiency  curves  of 
both  versions  of  the  collector. 

The  installation  of  the  TEG,  with  its  high 
thermal  resistance,  leads  to  a  drastic  decrease  in 
the  collector’s  efficiency  factor  and,  thus,  reduces 


The  heat  transfer  capability  between  the  hot  and 
cold  junctions  may  be  described  by: 

^TEG  =  C1  ’  1  C2  ’  ^avg  +  C3  ’  ^  ’  ^"avg  C4  '  ^ 

^avg  +  ^TEGO  (2) 

It  has  been  shown  during  the  TEG  experiments 
that  both  equations  describe  the  measured  be¬ 
haviour  with  a  high  accuracy  over  the  whole 
operation  range  (standard  uncertainty  of  less  than 
8  and  7%,  respectively). 

The  measured  performance  of  the  TEGs  was  at 


Fig.  2.  Construction  of  the  heat  exchanger  of  the  thermoelec¬ 
tric  collector  prototype. 
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Fig.  3.  Thermal  efficiency  curve  of  the  thermoelectric  collec¬ 
tor,  compared  to  same  collector  without  a  TEG.  The  irradiance 
level  was  approx.  800  W/m2,  the  air  speed  was  3  m/s  and  the 
ambient  air  temperature  was  23°C.  Efficiency  presentation 
with  respect  to  aperture  area  and  mean  fluid  temperature, 
according  to  ISO  9806-1  (1994). 


the  conversion  factor  rj0  by  around  45%,  com¬ 
pared  to  an  identical  collector  without  a  TEG.  The 
electrical  efficiency  reached  a  maximum  value  of 
1.1%  of  the  incoming  solar  radiation,  which  is 
around  2.8%  of  the  transferred  heat.  The  electric 
efficiency  decreases  linearly  from  1.1%  at 
A77G  =  0.0  Km2/W  (i.e.  Tamh  =  Tm  =  23°C)  to 
0.65%  at  A77G  =  0.05  Km2 /W  (i.e.  Tamb  =  23°C, 
Tm  =  63°C,  G  =  800  W/m2).  In  summary,  the 
integration  of  a  TEG  raises  the  absorber  tempera¬ 
ture  and  this  results  in  the  losses  of  the  solar 
collector  being  increased  significantly,  whereas 
the  electric  output  remains  rather  small. 

2.4.  Simulation  of  the  thermoelectric  collector 
and  system 

For  the  calculation  of  yearly  energy  gains,  a 
dynamic  simulation  model  was  developed.  As  the 
thermal  and  electrical  properties  may  not  be 
isolated,  an  iterative  calculation  process  is  neces¬ 
sary.  The  model  was  validated  with  the  ex¬ 
perimental  results  of  the  prototype  collector  tests 
(Sillmann,  1997).  The  results  were  transferred  to 
a  TRNSYS  simulation  tool  and,  therefore,  could 
be  implemented  in  a  solar  system  simulation 
programme. 


Fig.  4  shows  the  thermal  model  of  the  TEC. 
First  of  all,  annual  simulations  were  carried  out 
with  a  constant  collector  inlet  temperature.  The 
collector  operates  when  its  temperature  is  above 
the  given  fluid  inlet  temperature.  The  flow  rate 
was  kept  constant  (40  l/m“h).  The  simulations 
lead  to  the  following  results: 

•  The  thermal  connection  between  the  condenser 
and  the  TEG,  and  between  the  TEG  and  the 
fluid,  must  be  good.  A  minimum  heat-transfer 
capability  between  the  absorber  and  the  fluid 
of  20  W/m2K,  except  for  the  TEG  itself, 
should  be  achieved  for  the  used  vacuum  tube, 
including  the  heat  exchanger,  with  respect  to 
the  absorber  area.  The  bypass  heat  flow  should 
be  minimized  in  order  to  achieve  higher  elec¬ 
tric  gains,  whereas  a  higher  bypass  heat  trans¬ 
fer  increases  the  thermal  output. 

•  With  a  constant  inlet  temperature  of  10°C,  a 
thermal  output  of  660  kWh/m2  and  an  electric 
output  of  14  kWh/m2  may  be  expected  per 
year  at  Hanover  (Germany).  At  an  inlet  tem¬ 
perature  of  90°C,  the  output  is  260  respectively 
6  kWh  /  m 2  per  year1. 

•  If  a  vacuum  tube  with  a  significantly  lower 
loss  coefficient  compared  to  the  prototype 
(stagnation  temperature  of  around  70  K  higher) 
was  used,  the  thermal  output  would  nearly  be 
unaffected  and  the  electric  output  would  in¬ 
crease  to  15  kWh/m2a  at  10°C  and  to 
10  kWh/m2a  at  a  fluid  inlet  temperature  of 
90°C,  which  means  that  a  better  insulated 
collector  primarily  promotes  the  electric  gains. 

•  An  increase  of  the  heat  transfer  capability, 
U teg  °f  the  TEG  by  a  factor  of  two  would 
increase  the  thermal  output  to  750  kWh/m  “a 
(at  a  constant  fluid  inlet  temperature  of  10°C) 
and  decrease  the  electric  gain  by  approximate¬ 
ly  50%.  On  the  other  hand,  a  reduction  of  the 
U teg  by  75%  would  lower  the  thermal  output 
to  320  kWh/m2a,  whereas  the  electric  gain 
would  rise  to  approx.  40  kWh/m2a. 

•  A  variation  of  the  flow  rate  does  not  sig¬ 
nificantly  affect  the  electric  output  of  the 
collector,  as  this  is  mainly  determined  by  the 
temperature  difference  between  the  absorber 
and  the  fluid.  This  temperature  difference  is 
essentially  caused  by  the  thermal  resistance  of 
the  TEG,  if  all  contact  and  bypass  problems 
have  been  avoided.  Therefore,  a  significant 
electric  performance  improvement  cannot  be 


Fig.  4.  Thermal  model  of  the  TEC. 


T  kWh  =  3.6  MJ. 
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expected  using  a  special  flow-rate  control 
strategy. 

The  prototype  of  the  TEC  has  shown  the 
technology’s  inherent  disadvantage,  i.e.  that  the 
high  thermal  performance  of  evacuated  tubular 
collectors  will  be  significantly  decreased  and  the 
returned  electric  energy  is  relatively  small.  There¬ 
fore,  the  conversion  efficiency  of  the  TEG  has  to 
be  improved.  The  best  laboratory  elements  attain 
efficiency  values  that  are  about  three-times  higher 
than  the  elements  used.  They  attain  around  30% 
of  the  Carnot  efficiency  (Rowe  et  al.,  1995), 
which  is  assumed  to  be  at  the  upper  technical 
limit,  which  means  an  efficiency  increase  of  the 
TEG  by  a  factor  of  three,  if  compared  to  those 
TEGs  used  in  the  prototypes.  This  theoretical 
improvement  in  the  TEG  would  not  significantly 
influence  the  thermal  output  of  the  improved 
thermoelectric  collector2,  but  it  would  increase 
the  electric  gain  by  a  factor  of  2.5,  if  the 
improved  TEC  was  operated  with  a  constant  fluid 
inlet  temperature  (10°C)  over  one  year. 

With  these  improved  elements,  annual  simula¬ 
tions  of  a  typical  solar  domestic  hot-water  system 
were  carried  out.  The  solar  system  consists  of  a 
5  m2  TEC,  with  an  inclination  angle  of  35°,  south, 
is  located  in  Hanover,  Germany,  and  is  connected 
via  an  internal  heat  exchanger  to  a  350-1  drinking- 
water  storage  system.  The  hot-water  demand  is 
165  1/day  at  a  demand  temperature  of  45°C  (2600 
kWh /a).  The  collector  flow-rate  is  200  1/h,  which 
is  controlled  by  a  temperature-difference  control- 


conductivity  factor  of  the  TEG 


Fig.  5.  Annual  energy  yield  of  a  thermoelectric  collector  with 
an  efficiency-improved  TEG  in  a  solar  domestic  hot-water 
system  (Hanover)  vs.  conductivity  factor  of  the  TEG.  The 
conductivity  factor  is  a  multiple  of  the  measured  heat-transfer 
capability  of  the  prototype  (collector  area,  5  m2;  energy 
demand,  2600  kWh /a). 


2The  improved  TEC  is  a  theoretical  collector  combination,  in 
which  the  improved  TEGs,  with  a  conversion  efficiency 
that  was  three-times  higher,  were  applied  together  with  the 
vacuum  tubes  of  the  prototype. 


ler  (pump  on:  collector  temperature  more  than 
10  K  above  the  storage  temperature;  pump  off: 
collector  temperature  less  than  2  K  above  the 
storage  temperature)  (Sillmann,  1997).  The  heat- 
transfer  capability  of  the  TEG  was  varied  during 
the  system  simulations.  Fig.  5  shows  how  the 
variation  of  the  conductance  affects  the  electric 
and  thermal  energy  outputs. 

If  5  m2  of  the  constructed  prototype  collector, 
equipped  with  the  improved  TEG,  was  installed  in 
the  typical  hot-water  system  described  above,  a 
yearly  gain  of  1650  kWh  of  thermal  and  of 
50  kWh  of  electric  energy  could  be  achieved.  Fig. 
5  shows  that  a  lower  TEG  conductivity  increases 
the  electric  gain,  but  strongly  reduces  the  thermal 
gain.  If  the  conductivity  is  halved,  the  yearly 
electric  output  is  nearly  doubled,  to  100  kWh /a, 
whereas  the  thermal  gain  is  reduced  by  around 
500  kWh/a  (i.e.  30%). 

The  same  thermal  collector  output  of  1650 
kWh/a  would  be  achieved  with  the  standard 
vacuum  tube  collector  (without  the  TEG)  with  a 
collector  area  of  3.1  m2,  which  means  that  nearly 
2  m2  of  the  collector  are  necessary  to  compensate 
for  the  additional  collector  losses  caused  by  the 
TEG. 

The  discussion  shows  that  a  thermoelectric 
collector  with  acceptable  technical  properties 
needs  highly  efficient  vacuum  collectors  and 
highly  efficient  TEGs,  both  at  the  upper  technical 
limit.  However,  even  with  these  components,  it 
seems  to  be  unrealistic  to  develop  a  thermoelec¬ 
tric  collector  with  economically  promising  pros¬ 
pects.  Even  if  the  cost  share  for  the  TEGs  and 
their  integration  is  neglected,  the  additional  area 
of  2  m2  of  the  evacuated  tubular  collector  in  the 
example  presented  only  results  in  a  50-kWh/ a 
electric  gain.  At  a  price  of  500  $/m~  for  this 
additional  area,  the  investment  costs  are  20 
$/(kWh/a).  This  is  significantly  higher  than  elec¬ 
tricity  production  using  photovoltaic  modules 
[below  8  $/(kWh/a)].  A  realistic  cost  estimation 
for  the  TEGs,  including  their  integration,  is  not 
possible  at  the  moment.  However,  if  one  could 
take  these  costs  into  account,  the  amount  of 
investment  per  kWh/a  would  increase  signifi¬ 
cantly. 


3.  PHOTOVOLTAIC-HYBRID  COLLECTOR 

3.1.  Design  principles  of  a  photovoltaic-hybrid 
collector 

A  photovoltaic -hybrid  collector  (PVHC)  results 
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from  the  combination  of  photovoltaic  (PV)  cells 
with  a  thermal  flat  plate  collector.  The  PV  cells 
are  laminated  onto  the  surface  of  an  aluminium 
solar  absorber.  On  its  back  side,  a  copper  fluid 
pipe  is  clamped  on.  This  PVHC  absorber  is 
cooled  by  a  liquid  heat-transfer  medium.  The 
absorber  is  integrated  in  a  standard  aluminium 
frame  with  normal  solar  glass,  an  air  gap  of  3  cm 
and  a  backside  insulation  (mineral  wool)  of  5  cm. 
Fig.  6  shows  the  explosion  drawing  of  the  PVHC. 

A  small  thermal  resistance  between  the  PV  cells 
and  the  fluid  is  important  for  the  effectiveness  of 
the  PVHC.  Both  the  thermal  and  the  electric 
performance  decrease  with  rising  fluid  tempera¬ 
ture.  The  absorber  temperature  is  strongly  affected 
by  the  fluid  temperature.  As  the  fluid  inlet  tem¬ 
perature  typically  depends  on  the  design  and 
operation  of  the  complete  solar  hot-water  system, 
especially  on  the  ratio  of  solar  gain  to  hot-water 
demand,  the  system  parameters  are  very  important 
too.  This  will  be  shown  in  the  following. 

3.2.  Collector  model 

In  order  to  support  the  development  work,  a 
simulation  model  was  necessary.  The  model  was 
used  for  component  optimization  and  for  the 
simulation  of  a  whole  solar  system.  To  use  the 
universal  properties  of  TRNSYS,  the  PVH  collec¬ 
tor  module  was  written  as  a  TRNSYS-type  and 
implemented  into  a  TRNSYS  configuration  of  a 
solar  domestic  hot-water  system.  The  PVH  collec¬ 
tor  model  has  to  describe  both  the  electric  and  the 


thermal  behaviour,  as  well  as  the  interaction 
between  these  characteristics. 

Fig.  7  shows  the  node  model  as  a  basis  for  the 
thermal  considerations,  including  the  integrated 
‘two-diode’ -model  for  the  description  of  the 
electric  performance  of  the  PV  cells.  The  inter¬ 
action  between  both  models  is  taken  into  account 
by  the  cell  temperature,  which  on  the  one  hand, 
affects  the  cell’s  performance  and,  on  the  other 
hand,  is  almost  equivalent  to  the  absorber  tem- 
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Fig.  6.  Construction  of  the  photovoltaic-hybrid  collector  (PVHC). 
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Fig.  8.  Thermal  efficiency  curves  of  the  PVH  collector,  with 
maximum  electric  efficiency  (MPP)  and  in  open-circuit  mode. 
Efficiency  presentation  with  respect  to  mean  fluid  temperature 
and  aperture  area,  according  to  ISO  9806-1  (1994). 

perature  and,  therefore,  directly  influences  the 
thermal  gain  and  loss  mechanisms. 

This  model  has  been  developed  interactively 
with  the  experiments  performed  with  the  first 
prototypes.  The  development  process  has  shown 
that  it  is  sufficient  to  introduce  only  one  thermal 
capacitance  into  the  model,  located  in  the  fluid 
node.  This  inaccuracy  is  acceptable  as  the  thermal 
resistance  between  the  fluid  and  the  cell  node  is 
rather  low  (this  has  not  been  the  case  at  the  TEC, 
compare  with  Section  2). 

The  validation  procedure  of  the  final  simulation 
programme  shows  good  agreement  with  the  mea¬ 
sured  data,  even  in  the  dynamic  parts  of  the  time 
series. 

3.3.  Performance  of  the  PV-hybrid  collector 

The  general  thermal  behaviour  is  similar  to  that 
of  a  nonselective  flat  plate  collector.  The  reason  is 
the  high  thermal  emissivity  of  the  laminate-cell- 
package  (s  of  around  0.90),  which  leads  to  a  high 
thermal  loss  coefficient.  The  conversion  factor  r/0 
of  the  PVH  collector  is  only  somewhat  smaller 
than  j)0  of  a  nonselective  flat  plate  collector.  The 
difference  is  caused  by  the  absorption  coefficient, 
a,  which  reaches  0.91.  This  is  a  few  percentage 
points  lower  than  that  obtained  with  a  black  solar 
colour.  The  electrical  operation  mode  has  to  be 


taken  into  account.  If  the  PV-part  is  operated  in 
open  respectively  short  circuit,  i.e.  no  electric 
power  is  drawn  off,  the  heat  generation  will  be 
higher  compared  to  that  obtained  at  maximum 
power  point  (MPP)  operation. 

The  efficiency  curves  were  measured  at  an 
irradiance  level  of  about  820  W/m2  and  at  an 
ambient  air  speed  of  3  m /  s.  Fig.  8  shows  that  the 
thermal  efficiency  curve,  presenting  the  electric 
MPP-operation,  is  moved  downwards,  almost  in 
parallel,  by  around  0.10  if  compared  to  the  open- 
circuit  curve.  That  means  that  the  extraction  of 
electric  energy  directly  affects  the  zero  loss 
efficiency,  rj0,  but  has  little  effect  on  the  heat  loss 
coefficient.  Consequently,  the  stagnation  tempera¬ 
ture  of  a  PVH  collector  decreases  if  the  electric 
part  is  operated  at  the  MPP-point  (see  below). 

The  thermal  parameters  were  determined  ac¬ 
cording  to  ISO  9806-1  (1994),  with  the  mean 
fluid  temperature  as  the  reference  temperature  and 
the  aperture  area  (2.1  m2)  as  the  reference  area. 
The  electric  performance  indicators  are  the  aper¬ 
ture-area-related  and  the  cell-area-related  ef¬ 
ficiency  data,  the  electric  power  of  the  module 
(cell  area  1.81  m2),  the  open-circuit  voltage  and 
the  short-circuit  current,  which  were  all  referred 
to  as  standard  test  conditions  (STC,  irradiance, 
1000  W/m2;  cell  temperature,  25°C). 

Table  1  shows  that  the  difference  between  the 
conversion  factors,  rj0,  in  either  MPP  or  open 
circuit,  is  nearly  equivalent  to  the  electrical  MPP- 
efficiency,  what  is  a  nice  approval  for  the  first  law 
of  thermodynamics  in  this  special  case.  During 
the  efficiency  measurements  with  a  low  inlet 
temperature,  the  mean  cell  temperature  was  only 
11  K  above  the  fluid  temperature. 

For  the  implementation  of  the  simulation  pro¬ 
gramme,  more  detailed  parameters  than  the  ISO- 
coefficients  and  STC-parameters  are  required.  For 
this  purpose,  the  parameters  of  the  electric  two- 
diode-model  were  identified,  as  were  the  single 
thermal  resistances  between  the  cell  node  and 
either  the  fluid  or  the  environment  node,  as 
displayed  in  Fig.  7. 


Table  1.  Performance  parameters  of  the  PVH  collector  prototype  (aperture  area,  2.1  m2;  cell  area,  1.8  m2) 


Thermal  coefficients 

Electrical  coefficients 
(STC) 

Vo 

0.726  (PV-open  circuit) 

he 

2.84 

[-] 

0.633  (PV-MPP) 

[A] 

ai 

[W/m2K] 

5.88  (PV-open  circuit) 

Uoc 

107 

5.64  (PV-MPP) 

[V] 

a , 

0.016  (PV-open  circuit) 

PM  Pp 

220 

[W/m2K2] 

0.015  (PV-MPP) 

[W] 

Vel 

H 

0.103  (aperture  area) 
0.121  (cell  area) 
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number  of  collector  modules 


Fig.  9.  Annual  thermal  and  electric  energy  gain  versus  the 
number  of  PVHC-modules,  with  additional  data  on  the  solar 
fraction  of  the  hot- water  demand  (SF). 


3.4.  Simulation  of  the  PVHC  system  yield 

As  the  basis  for  the  system  simulations,  the 
same  solar  system  as  discussed  in  Section  2.4  was 
used.  The  system  comprised  a  domestic  hot-water 
system  with  collector  modules  arranged  in  series, 
a  single  drinking-water  storage  system,  an  internal 
heat  exchanger,  and  was  simulated  using  weather 
data  (TRY)  for  Wurzburg,  Germany,  with  an 
inclination  angle  of  35°,  south.  The  annual  heat 
demand  was  2600  kWh /a  at  a  demand  tempera¬ 
ture  of  45°C.  The  collector  was  increased  from 
one  module  (2.1  m2),  in  steps,  up  to  five  modules. 
Fig.  9  shows  the  results  of  these  simulations. 

While  the  thermal  gain  decreases  from  432  to 
177  kWh/m2a,  the  electric  gain  only  decreases 
from  92  to  86  kWh/ma.  The  solar  fraction  of  the 
thermal  demand  increases  from  22%  (with  one 
module)  to  50%  with  five  modules.  As  the 
collector  has  a  thermal  performance  like  that  of  a 
nonselective  flat  plate  collector  with  additionally 
reduced  thermal  gains,  the  system  output  in 
central  Europe  is  restricted  to  a  solar  fraction  of 
around  50%.  This  means  that  significantly  higher 
solar  fractions,  corresponding  to  a  100%  coverage 
of  the  demand  during  the  summer,  may  hardly  be 
achieved.  Ideally,  this  collector  should  be  used  in 
preheating  systems  where  both  the  thermal  and 
the  electric  gains  can  benefit  from  the  low  fluid- 
inlet  temperature. 

In  order  to  attain  a  higher  solar  fraction, 


installation  of  a  series  of  PVH  collector  modules 
and  standard  selective  flat  plate  collector  modules 
is  possible.  Table  2  shows  the  annual  output  of 
different  combinations.  The  combination  of  PVH 
collector  modules  and  selective  flat  plate  collector 
modules  leads  to  higher  solar  fraction  values. 
However,  the  thermal  system  should  be  designed 
such  that  long  periods  of  stagnation,  which  lower 
the  PV  yield,  are  avoided. 

The  electric  output  of  the  PVH  collector  is 
somewhat  lower  than  that  of  standard  PV  mod¬ 
ules,  which  would  reach  an  annual  yield  of  about 
100  to  110  kWh/m2.  This  difference  is  caused 
mainly  by  the  higher  reflection  losses  at  the  glass 
pane  and  a  relatively  low  ratio  of  cell  and  aperture 
area.  At  the  PVHC,  this  ratio  is  0.85,  whereas  it  is 
around  0.90  for  standard  PV  modules.  If  the 
annual  yield  is  related  to  the  peak  electric  power 
(instead  of  module  area),  the  electric  output  of  the 
PVH  collector  is  nearly  identical  to  that  of 
standard  PV  modules.  The  influence  of  the  module 
temperature  is  rather  small,  which  will  be  dis¬ 
cussed. 

As  the  efficiency  of  the  PV  cells  rises  with 
decreasing  temperatures,  low  module  tempera¬ 
tures  are  desired.  One  of  the  main  questions 
concerning  PV-hybrid  systems  is  whether  or  not 
the  mean  operation  temperature  is  higher  com¬ 
pared  to  standard  PV  modules.  For  this  purpose, 
the  irradiation  weighted  mean  cell  temperature  is 
defined  as  follows: 

7^=|(G-Tc=,1)d</J  Git  (3) 

For  standard  PV  modules,  the  weighted  mean  cell 
temperature  mainly  depends  on  wind  exposure 
and  the  integration  technique.  For  typical  PV 
modules  mounted  on  a  roof  in  Germany,  with  a 
backside  ventilation  layer,  an  energetically 
weighted  mean  cell  temperature  of  between  28 
and  40°C  may  be  derived  from  the  results  of  the 
German  ‘1000-Dacher-Programm’  (Kiefer  and 
Hoffmann,  1997).  If  the  PV  modules  are  inte¬ 
grated  in  a  roof  construction,  with  reduced  back¬ 
side  air  ventilation,  an  additional  increase  of  the 


Table  2.  Annual  output  of  PVHC  and  selective  flat  plate  collector  (FPC)  and  solar  fraction,  for  different  module  combinations 
(2.1  m2  collector  area  for  each  module) 


2  PVHC  &  1 FPC 

2  PVHC  &  2  FPC 

4  PVHC  &  1  FPC 

PVHCth  [kWh/nr] 

291 

232 

193 

FPCth  [kWh/m2] 

399 

310 

352 

PVHCel  [kWh/m2] 

90.8 

88.5 

87.0 

SF  [-] 

0.53 

0.60 

0.60 

PV-hybrid  and  thermoelectric  collectors 
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Fig.  10.  Irradiation  weighted  mean  cell  temperature  of  the 
PVHC  versus  number  of  collector  modules,  in  comparison  to 
standard  PV  modules. 


cell  temperature  by  around  8  K  may  be  assumed 
(Krauter,  1993).  Thus,  the  energetically  weighted 
mean  cell  temperature  of  standard  PV  modules  in 
Germany  is  in  the  range  between  28  and  48°C. 
Fig.  10  shows  that  the  mean  cell  temperature  of 
the  PVHC  increases  with  increasing  number  of 
modules,  from  33°C  to  45°C.  However,  even  with 
five  modules  (10.5  m"),  it  is  still  in  the  range  of 
standard  PV  modules.  In  a  warmer  climate,  as  in 
southern  Europe,  where  the  mean  cell  temperature 
of  standard  PV  modules  is  higher,  the  energetical¬ 
ly  weighted  PVHC  temperature  could  even  be 
lower  than  that  of  standard  PV  modules. 

3.5.  Reliability  questions  and  the  potential  for 
improvement 

The  PVHC  reaches  a  stagnation  temperature  of 
147°C  at  1000  W/m2,  at  an  ambient  temperature 
of  30°C  and  in  calm  wind  conditions,  if  operated 
under  open-circuit  conditions.  This  is  a  typical 
value  for  nonselective  collectors.  If  the  module  is 
operated  at  the  same  time  at  its  electrical  maxi¬ 
mum  power  point,  the  stagnation  temperature 
decreases  by  around  12°C.  Special  regard  must  be 
given  to  the  laminate  construction,  the  electric 
cables  and  the  connecting  boxes,  which  all  have 
to  withstand  these  extreme  temperatures. 

The  collector  prototype  already  exhibits  a  good 
performance,  which  has  little  potential  for  im¬ 
provement  with  this  construction  type.  The  ther¬ 
mal  contact  between  the  absorber  and  the  fluid 
may  still  be  improved  slightly,  which  may  lead  to 
an  increase  in  the  thermal  gain  of  about  2  to  4%. 
New,  high-efficiency  cells  could  lead  to  an  en¬ 
hancement  of  the  electric  gain. 


4.  CONCLUSIONS 

The  principle  of  the  TEC  is  to  produce  first 


heat,  and  then  to  transfer  this  heat  over  the 
thermal  resistance  of  the  TEG,  where  it  will  partly 
be  transformed  into  electricity,  with  the  remaining 
heat  having  to  be  cooled.  It  follows  from  this 
serial  energy  flow  that  the  absorber  must  be 
maintained  at  a  high  temperature,  as  the  electrical 
generator  needs  a  high  temperature  difference. 
Therefore,  even  with  high-efficiency  collectors, 
the  thermal  efficiency  will  decrease  significantly. 
One  important  requirement  is  to  use  solar  collec¬ 
tors  with  very  low  loss  coefficients,  e.g.  by 
concentrating  the  irradiance.  A  further  disadvan¬ 
tage  is  the  low  conversion  factor  of  TEGs,  where 
only  30%  of  the  Camot  efficiency  seems  to  be 
realistic. 

In  contrast  to  the  TEC,  the  principle  of  the 
PVH  collector  is  the  direct  production  of  electrici¬ 
ty,  i.e.  the  efficient,  direct  use  of  the  high-energy 
content  of  the  radiation,  and  only  the  remaining 
radiation  energy  is  transformed  to  heat.  This  heat 
will  be  used  on  a  temperature  level  as  requested 
by  the  thermal  part  of  the  solar  system.  Hence,  the 
PVH  collector  produces  heat  and  electricity  in 
parallel. 

Comparison  of  the  solar  system  simulations 
between  the  existing  PVH  collector  prototype  and 
the  advanced  extrapolated  TEC  shows  the  advan¬ 
tage  of  the  PVHC  principle.  The  improved  TEC 
(5  m2  evacuated  tubular  collector)  would  lead  to 
an  electricity  gain  of  50  kWh/ a  and  meet  the 
thermal  demand  with  a  solar  fraction  of  53%.  The 
PVHC  (10.5  m2)  delivers  around  920  kWh/a 
electric  energy  and  covers  the  thermal  demand  by 
50%.  Regarding  the  same  collector  area  of  5  m“, 
the  PVH  collector  produces  450  kWh/a  of  elec¬ 
tricity,  which  is  nine-times  higher  than  the  elec¬ 
tricity  production  of  the  advanced  extrapolated 
TEC. 

Precise  cost  statements  or  estimations  are  not 
available.  It  may,  however,  be  assumed  that  the 
production  technology  of  the  PVH  collector,  with 
its  known  processes  from  PV  module  and  thermal 
flat  plate  collector  techniques,  has  a  higher  econ¬ 
omic  potential. 

Therefore,  it  may  be  concluded  that  the  TEC 
will  only  be  of  interest  for  special  applications.  In 
a  direct  comparison,  PVH  collector  technology 
shows  many  advantages.  However,  hybrid  collec¬ 
tors  often  show  non-optimum  behaviour  in  com¬ 
parison  to  the  parallel  operation  of  the  separate 
technologies.  However,  for  specific  applications 
and  special  purposes,  the  advantages  of  only  one 
type  of  solar  module  for  heat  and  electricity 
production  may  be  so  convincing  that  it  is  our 
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opinion  that  these  collectors  will  occupy  a  place 
in  future  developments  and  future  markets. 
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NOMENCLATURE 

area  (m2) 

collector  coefficient  according  to  ISO  9806-1, 
representing  the  constant  part  of  the  collector 
heat  losses,  with  respect  to  Tm  (W/m2K) 
collector  coefficient  according  to  ISO  9806-1, 
representing  the  temperature-dependent  part  of 
the  collector  heat  losses,  with  respect  to  Tm 
(W/m2K2) 

coefficients  to  calculate  the  electric  energy  gain 
of  the  TEG  (different  dimensions) 
coefficients  to  calculate  the  heat-transfer  capa¬ 
bility  of  the  TEG  (different  dimensions) 
capacity  portion  of  the  TEC,  with  respect  to  the 
absorber  temperature  (kJ/K) 
capacity  portion  of  the  TEC,  with  respect  to  the 
fluid  temperature  (kJ/K) 

capacity  of  the  PVHC,  with  respect  to  the  fluid 

temperature  (kJ/K) 

diodes  of  the  two-diode-model 

global  solar  irradiance,  measured  in  collector 

plane  (W/m2) 

current  (A) 

photo-current  (A) 

short  circuit  current  (A) 

incident  angle  modifier  coefficient  (-) 

electric  power  (W) 

electric  power  in  MPP  operation  (W)  useable 
heat-flux,  transported  with  the  fluid  (W) 
inner  resistance  (fl) 
load  resistance  (fl) 

serial  resistance  of  the  two-diode-model  (fi) 
shunt  resistance  of  the  two-diode-model  (fl) 
time  (s) 

absorber  temperature  (°C) 
temperature  of  the  ambient  air  (°C) 
average  temperature  of  the  TEG  (°C) 
temperature  of  the  PV  cells  (°C) 
temperature  of  the  condensor  of  the  heat  pipe  of 
the  TEC  (°C) 

temperature  of  the  heat-transfer  fluid  (°C) 
arithmetical  mean  temperature  of  the  heat-trans¬ 
fer  fluid  inlet  and  outlet  temperatures  (°C) 
temperature  of  the  fluid  pipe  of  the  TEC  (°C) 
temperature  difference  between  mean  fluid  tem¬ 
perature  and  ambient  air  temperature  (K) 
temperature  difference  between  the  hot  junction 
and  the  cold  junction  of  the  TEG  (K) 
solar  fraction  (-) 
voltage  (V) 

open  circuit  voltage  (V) 

heat-transfer  capability  of  the  bypass  of  the  TEC, 
with  respect  to  collector  area  (W/m2K) 
heat-transfer  capability  of  the  aluminium  ab¬ 
sorber,  with  respect  to  collector  area  (W/m2K) 
heat  transfer  capability  between  the  TEG  and  the 
aluminium  block  of  the  TEC,  with  respect  to 
collector  area  (W/m2K) 

heat-transfer  capability  between  the  fluid  pipe 
and  the  fluid,  with  respect  to  collector  area  (W/ 
m2K) 

heat-transfer  capability  of  the  laminate,  with 
respect  to  collector  area  (W/m2K) 
heat-transfer  capability  of  the  heat  pipe  of  the 


TEC,  between  the  absorber  and  condensor,  with 
respect  to  collector  area  (W/m2K) 

Uioss  effective  heat-loss  coefficient  between  the  ab¬ 

sorber  and  ambient  air,  with  respect  to  collector 
area  (W/m2K) 

Ul  h  heat-transfer  capability  between  the  absorber  of 

the  TEC  and  ambient  air,  with  respect  to  collec¬ 
tor  area  (W/m2K) 

Uu  heat-transfer  capability  between  the  fluid  of  the 

TEC  and  ambient  air,  with  respect  to  collector 
area  (W/m2K) 

f/TEQ  heat-transfer  capability  of  the  TEG  between  the 

hot  and  cold  junctions  (W/K) 

t/TEG0  heat-transfer  capability  of  the  TEG,  constant  part 
(W/K) 

a  absorption  coefficient  of  the  absorber  layer  (-) 

s  emissivity  of  the  absorber  layer,  for  infrared 

radiation  above  4  pan  wavelength  (-) 
rj0  conversion  factor;  i.e.  thermal  collector  ef¬ 

ficiency  at  AT=0,  with  respect  to  Tm  (-) 
iyel  electrical  efficiency  (-) 

0  incident  angle  (°) 

ra  effective  transmission-absorption  product  (-) 
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